The effects of dilution of tetraethyl orthosilicate (TEOS) with ethanol on the shape and monodispersity of silica particles were investigated. The results indicated that the dilution of TEOS with ethanol can depress the formation of new nuclei and the aggregation or adhesion of particles and make the distillation of TEOS unnecessary to achieve monodispersed silica spheres. A seeded growth technique using continuous drop addition of TEOS diluted with 4× volume of ethanol was developed to improve monodispersity and spheric shape and increase the size of silica particles. The monodisperse silica particles (150 nm ± 5%-1.2 m ± 1%) with fine spheric shape were successfully synthesized by the seeded growth technique. Using the homemade 280 nm ± 2.8% silica spheres, we prepared opals of high quality which showed periodically ordered packing and a photonic band-gap effect.
I. INTRODUCTION
Monodispersed colloidal particles with uniform size, shape, and composition have wide application not only in the field of physical chemistry dealing with dynamic behavior and stability of particulate systems 1 but also in industries including pigments, pharmacy, photographic emulsions, 2 ceramics, 3 chromatography, 4 and catalysts. 5 Recently, monodispersed silica colloidal particles have been extensively used to prepare three-dimensional photonic crystals. 6 Kolbe 7 first found the formation of monodispersed silica particles through the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in a mixture of alcohol, water, and ammonia. Since then many other researchers have made improvements to the hydrolysis method. [8] [9] [10] [11] [12] It is now recognized that this approach is the simplest and most effective route to synthesize monodispersed silica spheres. 6 However, there still exist some problems to be resolved in the hydrolysis method. First, distilling of reactant-TEOS is needed before use. [8] [9] [10] Second, a quick addition of TEOS into the mixture of alcohol, water, and ammonia is required for the uniform hydrolization of TEOS to get monodispersed silica spheres. However, the transmission electron microscopy (TEM) images show that the spheres with undesired size and peanut shape caused by aggregation or adhesion of particles cannot be avoided. [8] [9] [10] [11] [12] Third, in the reported seeded growth technique, 10 the addition interval of TEOS is 8 h, which leads to long growth period.
In this paper, the effect of dilution of TEOS (to be added into the mixture of ethanol and ammonia) with ethanol on the shape and monodispersity of silica spheres was investigated. It is found that the growth of silica spheres with undesired size or shape can be suppressed by the dilution of TEOS with 4× volume of ethanol. This makes the distillation of TEOS unnecessary to obtain monodispersed silica spheres. In addition, a seeded growth technique has been developed to improve monodispersity and spheric shape and increase the size of silica particles. In our seeded growth technique, the continuous addition of TEOS and the dilution of TEOS with 4× volume of ethanol were introduced to shorten the seeded growth period and avoid the formation of undesired silica particles, respectively.
II. EXPERIMENTAL
TEOS (analytical reagent), ammonia (analytical reagent, 13.7 M), and absolute ethanol (analytical reagent) were used as received. Solutions I and II, as described in Table I , were prepared separately. To investigate effectively the dilution effect of TEOS with ethanol, the total volume of solutions I and II and the reactant concentration were kept the same in all the experiment series. Solution II was added quickly into the solution I in Erlenmeyer flask under rapid stirring (>150 rpm) at 21°C and reacted for 2 h, and the corresponding products A/B/ C/D/E/F were obtained (Table I ).
In the seeded growth experiments, the preparation of seed suspensions is similar to that of the product D. After the reaction came to completion (2 h after the first addition of diluted TEOS), keeping the reaction condition, the desired amount of diluted TEOS with 4× volume of ethanol contained in a drop funnel was added drop by drop into the seed suspension. The drop volume and interval were about 0.02 ml and 12 s, respectively. After all the TEOS was added, the reaction condition was kept for another 2 h to make sure that particles reached their final size. TEM was performed on a Hitachi model H-800 (Hitachi Company, Japan) transmission electron microscope, using an accelerating voltage of 200 kV. Scanning electron microscopy (SEM) was performed on a Hitachi model X650 scanning electron microscope. Transmission spectra were recorded on a U-3410 (Hitachi Company, Japan) spectrophotometer at room temperature.
III. RESULTS AND DISCUSSION
From the TEM image shown in Fig. 1(a) , in addition to the realization of monodispersed spheres, some undesired particles with peanut shape or anomalous shape induced by aggregation of particles were also observed in product A. With the increase of the ethanol volume used in the preparation of solution II, the density, which is defined as the ratio of the number of peanut-shape particles to that of the regular spheres of the peanut-shape spheres, decreases and the spheric shape gets better. As shown in Fig. 1(b) , when the ethanol volume used to dilute TEOS increases to 4× volume of the TEOS, not only are the undesired spheres not observed, but also the spheric shape of particles is fine. TEM images show that the average diameter counted from 100 particles of the products A-F is about 320, 330, 320, 340, 330, and 320 nm, respectively. The size of all the products is about the same. Compared with the product D, no obvious improvement in particle shape was observed in the products E and F. These results indicate that uniform silica spheres cannot be prepared in the hydrolysis method using pure undistilled TEOS. But the dilution of TEOS with ethanol can improve the diffusion of TEOS in the mixture of ethanol and ammonia and depress the aggregation or adhesion of spheres. It is found that 4× volume ethanol for diluting TEOS is enough to obtain monodispersed spheres with fine spheric shape.
To show the essentiality of the dilution of TEOS with 4× volume ethanol in our seeded growth technique, two series of experiments were conducted. Two suspensions of seed with the diameter of 420 nm ± 2.9% [see Fig. 2(a) ] were prepared by adding 0.5 ml of TEOS diluted with 2 ml of ethanol into the mixture of 50 ml of ethanol and 10 ml of ammonia in Erlenmeyer flask under rapid stirring to react for 2 h at 18°C. First, keeping the reaction condition of seed suspension, 7 ml of TEOS was added drop by drop into the first seed suspension to react in the same way described in Sec. II, and the product G was obtained. Second, keeping the reaction condition of seed suspension, 7 ml of TEOS was diluted with 28 ml of ethanol at first and then was added drop by drop into the second seed suspension to react in the same manner as in the former process, and the product H with diameter of 1.0 m ± 1.2% was obtained. If the number of the seeds is constant during seed growth process, the final sphere size can be expressed in a simple equation
in relation to the total volume of TEOS added. Here d is the average diameter of the final particles, d 0 is the average diameter of the seeds, V 0 is the volume of TEOS used to produce the seeds, and V is the total volume of TEOS added. As shown in Figs. 2(b) and 2(c), the average diameter (980 nm ± 1.2%) of the spheres aimed in product G is smaller than the theoretical value (1.012 m) calculated from Eq. (1). This is due to some undesired particles with peanut shape or tiny size observed in the product. However, the average diameter of the product H is very close to the theoretical prediction as no undesired spheres was observed in the product H. Compared to seed, the spheres of the product H have a decreased percentage standard deviation in size as well as a more regular spheric shape. These results indicate that the seeded growth technique using continuous drop addition of TEOS cannot only improve monodispersity and spheric shape but also increase the size of silica particles, and the dilution of TEOS with ethanol is necessary to depress the formation of new nuclei and the aggregation or adhesion of spheres.
In the seeded growth technique using continuous drop addition of TEOS diluted with ethanol, the seeds grow in the original solution of preparing seed and no reactant is added except for TEOS diluted with ethanol. With the increase in the amount of TEOS, the quantity of water reduces as 1 mol of TEOS consumes 2 mol of water during the hydrolization reaction [Si(OC 2 H 5 ) 4 + 2H 2 O ‫ס‬ SiO 2 + 4C 2 H 5 OH]. When the total amount of TEOS added is beyond one-eighth of the mol amount of water in the seeded suspension, the hydrolization reaction speed is not quick enough to consume the TEOS added in time; as a consequence, the TEOS in the seeded suspension will accumulate and lead to the appearance of new nuclei. In this case, the final product will have heterodispersity. So the total mol amount of TEOS added is controlled below one-eighth of the mol amount of water in the original solution so as to avoid the breakage of monodispersity induced by the decrease of the hydrolization ability caused by the consumption of water during the reaction processes.
The number of seeds in the seed suspension has an important influence on the monodispersity of the final particles. A deficient seed can lead to the formation of new nuclei due to the limit of diffusion of TEOS and large space between seeds during the seeded growth process whereas excessive seed can lead to the aggrega-FIG. 2. TEM images of the seed with diameter of (a) 420 nm ± 2.9%, (b) the product G, and (c) the product H. The particles with peanut shape or anomalous spheric shape or tiny size are indicated by arrows. tion or adhesion of particles due to the small space between seeds. The number of seeds depends on the reaction temperature, the ratio of ammonia to ethanol, and the amount of TEOS. All of them have large influence on the speed of reaction and diffusion of TEOS. For example, at 18°C, an amount of 0.4-3 ml of TEOS is added into the mixture of 50 ml of ethanol and 10 ml of ammonia to prepare the seed (420 nm) suspension. If the volume of TEOS added is lower than 0.4 ml or larger than 3 ml, the number of seeds will be either deficient or excessive. Given the size of the seed and final particles, the amount of TEOS to be added can be obtained from Eq. (1).
The addition speed of drops of TEOS depends on the hydrolization ability, which is mainly determined by the temperature and the ratio between ammonia and ethanol of the original solution. For the mixture of 50 ml of ethanol and 10 ml of ammonia, at 18°C, a drop interval of TEOS between 8 and 25 s does not lead to significant difference in the size of final particles. The seeded growth technique using continuous drop addition of TEOS diluted with ethanol works well for the fabrication of silica spheres with final diameters of 150 nm-1.2 m. With the increase of sphere size, the percentage deviation decreases from ±5% (150 nm) to ±1% (1.2 m) .
Using the seeded growth technique with continuous drop addition of TEOS diluted with ethanol, we have synthesized monodispersed silica spheres with diameter of 280 nm ± 2.8%. The silica spheres suspensions were washed with absolute ethanol by repeated centrifugation and ultrasonic dispersion cycles to remove impurities, such as ammonia and unreacted TEOS. Six cycles are usually performed. A few drops of the purified silica suspension of approximately 3% volume fraction were spread on microslides and dried in a 1200-ml crystallizing dish. Prior to use, all the microslides were hydrophilized by etching with 10% sodium hydroxide solution and rinsed well with distilled water. After five days, strong opalescent opals with areas of about 1 cm × 1 cm were obtained. The SEM images of the opal (Fig. 3) show that the silica spheres are highly ordered, which confirms further that the homemade silica spheres have good monodispersity and fine spheric shape. Figure 4 shows the transmission spectrum at a normal incidence of the opals. A dip-related photonic band-gap effect in the transmittance around 620 nm is observed, which results from Bragg diffraction due to the periodicity in the location of the spheres in the opals.
IV. CONCLUSIONS
We have investigated the effects of dilution of TEOS with ethanol on the shape and monodispersity of silica particles. The formation of new nuclei and the aggregation or adhesion of spheres can be depressed by the dilution of TEOS with ethanol, which makes the distillation of TEOS unnecessary to achieve monodispersed silica spheres. We developed a seeded growth technique using continuous drop addition of TEOS diluted with ethanol to improve monodispersity and grow large particles with fine spheric shape and successfully prepared the monodispersity silica spheres with diameter of 150 nm ± 5%-1.2 m ± 1% and fine spheric shape. High periodic ordered packing and photonic band gap were observed in the opals made of 280 nm ± 2.8% silica spheres. 
